Abstract-The increasing influence of wind power in the power system operation has caused the power system operators to include wind power plants in the control of the overall power system, both in steady-state and transient operation. Therefore, the grid connection requirements of the power system operators involve wind power systems. Low voltage ride-through requirement is probably the most demanding grid connection requirement to meet, at least from the point of view of the wind energy conversion system. In presence of grid voltage dips, the low voltage ride-through compliance produces a mismatch between the generated active power and the active power delivered to the grid. The management of this mismatch supposes a challenge for the wind energy conversion system. In this work, a control scheme for the back-to-back neutral-pointclamped converter is proposed. Under grid voltage dip, the controllers for generator-side and grid-side converters work concurrently to meet the low voltage ride-through requirement by storing the active power surplus in the inertia of the generator and keeping constant the dc-link voltage. Simulation results verify the proposed control scheme.
INTRODUCTION
The current trend shows an increasing wind energy penetration into the grid. Actually, the total installed wind power world capacity reached 120 GW at the end of 2008 [1] . In this context, power system operators have given response to this new scenario by updating their grid connection requirements (GCR) to ensure the reliability and efficiency of the utility. The updated GCRs include distributed generation in the operation control of the overall power system [2] , [3] . Typical steady-state or quasi-stationary operation requirements such as reactive and active power regulation based on the system voltage and frequency are specified in the GCR. In transient operation, Low Voltage Ride-Through (LVRT) requirement demand wind power plants to remain connected when a grid dip occurs, contributing to keep network voltage and frequency stable by delivering active and reactive power to the grid with a specific profile depending on the grid voltage dip depth. Hence, LVRT is probably the most challenging requirement among the GCRs. All these requirements greatly affect the design of power converter and controller for a modern wind energy conversion system (WECS) [4] , [5] . LVRT requirements, extracted from the GCR of the utility operator E-ON [2] , are shown in Fig. 1 and Fig. 2 . When a grid dip appears, the power generation plant must remain connected to the grid if the line voltage is over the limit curve in Fig. 1 . In addition, during the dip occurrence, the WECS has to deliver into the grid the amount of reactive current specified in Fig. 2 ; to aid the utility to hold the grid voltage. The quantity of reactive power to be injected depends on the percentage of grid voltage reduction during the dip, the system rated current, and the reactive current given to the grid before the dip appearance.
Variable-speed wind energy systems are currently preferred than fixed-speed wind turbines due to their superior wind power extraction and better efficiency. Doubly-fed induction generator (DFIG) [6] , [7] is the most used implementation for variable-speed wind systems, because of the reduced power rating of the converter. Nevertheless, this topology has need of some additional circuitry to meet the LVRT requirement [5] , [8] , in some cases. Another common used implementation for a variable-speed wind system is based on a permanent-magnet synchronous generator (PMSG) with a full power converter [9] , [10] . In comparison with the DFIG, this topology provides more extensive speed operating range, and full decoupling between the generator and the grid, which results in an enhanced aptitude to fulfill the LVRT requirement. These properties make this implementation interesting, even although losses also increase. Low-voltage two-level voltage-source converters (VSCs) are the most used topology in WECS [6] , [7] , [9] - [11] . Considering that the current trend in WECS points to increase the power rating of the wind turbines [1] , there are some topologies that can be best suited than conventional VSCs for higher power levels [4] . For instance, three-level neutral point clamped (NPC) converters [12] - [17] , or current-source converters (CSCs) [4] , [5] .
Under grid perturbation, the maximum active power that can be injected to the grid is reduced in proportion to the terminal voltage reduction [11] and can be also limited by the LVRT requirements [2] , [3] . Therefore, an active power mismatch is found between the generated power and the power delivered to the grid [15] . This is a challenge for the control system to meet the LVRT requirement.
Several methods for LVRT fulfillment are found in the literature. Dynamic braking is found in [8] , [18] for the DFIG, in [11] for the two-level back-to-back VSC, and in [12] , [16] , [17] for the NPC back-to-back. Some different control approaches for the two-level back-to-back VSC are found in [19] and [20] , but do not show how to manage the active power surplus. LVRT requirement can be achieved by storing the active power surplus in the inertia of the turbinegenerator system. This solution is found in [11] for the twolevel back-to-back VSC and in [5] for the CSC.
This work deals with the full power back-to-back NPC converter, which connects a PMSG to the grid, as shown in Fig. 3 . LVRT requirement is fulfilled by storing the active power surplus in the inertia of the mechanical system. This contribution seems to be not covered in the literature. For the grid-side converter, the control approach in [15] has been used, therefore the system can manage symmetrical and asymmetrical grid dips [21] .
The paper is organized as follows: Section II details the system and its model. Control system description is given in Section III. Simulation results are found in Section IV. Finally, conclusions are formulated in Section V.
II. SYSTEM DESCRIPTION AND MODEL
The system considered in this work is shown in Fig. 4 . Information about the dc-link neutral point is not included in the model because dc-link neutral point voltage balance is achieved by means of the space vector modulation (SVM) switching strategy [22] , which is used in both NPC converters in the back-to-back topology.
A. Model of the generator side
For the generator side, the electrical equations of the PMSG are shown in (1), the torque equation in (2) For the implementation of the generator side control, it is needed the electrical angle of the rotor flux. This angle can be obtained by means of an encoder or by estimation from the stator voltages and currents. The rotor flux can be calculated by testing the machine with no load and measuring the electromotrice force (E =  s · r ).
B. Model of the grid side
The grid side converter has to deal with the grid dips. In [15] , three different methods to deal with asymmetrical grid dips based on the use of symmetrical components have been detailed. Among these three methods, in this work, the vector current controller with feedforward of negative sequence grid voltage (VCCF) has been used. With this method, the control is implemented on the positive sequence, and there is no need to develop the negative-sequence model for the grid side converter. The sequence separation method (SSM) is used only to obtain the symmetrical components of the grid voltages. Therefore, the model for the grid side converter is shown in (4).
where: For system control purposes, it is required the knowledge of the phase angle of the grid. As shown in [15] , to obtain it, a phase locked loop (PLL) works along with a SSM, guaranteeing angle precision when asymmetrical grid faults or unbalanced grid condition occur. The 'd' axis of the synchronous reference frame has been aligned with the positive sequence vector of the grid voltage (v sqp = 0).
III. CONTROL SYSTEM
The proposed control block diagram for the system is shown in Fig. 5 .
In normal operation, for the generator-side converter, the speed reference is given by some maximum power point tracking (MPPT) algorithm, to extract the maximum amount of power with the actual wind force. The MPPT algorithm has not been considered in this work. Then, the electromagnetic torque matches the mechanical torque at the speed reference, given the reference to the generator-side current ( Under grid voltage dip, the utility operator demands to meet the LVRT requirement. Hence, both the active and reactive power references for the grid-side converter are given by the LVRT requirement. However, the generator goes on giving active power. Then, if the generator-side converter controller does not perform any control action, during the dip the generated active power can be greater than the active power delivered to the grid. Therefore, the dc-link voltage will increase up to values that can lead to a system malfunction or even component failure. For this reason, these systems are equipped with a dc-link chopper resistor which allows to dissipate this active power surplus.
The control block diagram in Fig. 5 allows to storage the active power surplus present during the dip in the inertia of the mechanical system turbine-generator. With this control approach, the dc-link chopper resistor activation can be delayed some time. Among other factors, this delay time depends on the grid dip depth and length, the actual wind force, the actual generator speed and speed limit, and the moment of inertia of the mechanical system. Moreover, it is feasible that in most cases the dc-link chopper resistor activation will not be needed to meet the LVRT requirement. Under grid dip, for the control block diagram in Fig. 5 , the active and reactive power references to inject into the grid are given by the LVRT requirement, the dc-link voltage is controlled by the generator-side converter and the generator speed is not controlled. Under this condition, the dc-link voltage keeps regulated during the grid fault and the active power surplus is applied to the mechanical system turbinegenerator, which increases the speed.
IV. SIMULATION RESULTS
Simulation results (MatLab-Simulink) for the proposed control strategy are presented. The specifications for the system in Fig. 4 A grid voltage dip type B [21] has been simulated to show the controller performance. The grid voltage for the phase 'a' drops 60% of its nominal value during 60 ms (between 480 and 540 ms), as depicted in Fig. 6 . Figures 6 to 14 show the simulation results if no control action is done on the generator-side controller during the dip, i.e., generator-side converter works in the same way as in steady-state, and the grid-side converter is controlled to meet the LVRT requirement.
Grid currents (Fig. 7) are balanced at any time, because of the VCCF control strategy [15] used for the grid-side converter. Instantaneous (P GRID (t) , Q GRID (t)) active and reactive power delivered to the grid are depicted in Fig. 8 . P and Q references are set to 1 kW and 0 VAR in steady-state. During the dip, the P and Q references are properly changed (P* = 0 W; Q* = 1.5 kVAR) to meet the LVRT requirement. The oscillations of the instantaneous power around the power average value are inherent with the VCCF method [15] . Generator-side controller keeps its regulation unaltered, therefore there are no changes in the torque (Fig. 9) , speed ( Fig. 10) , power drawn (Fig. 11) and currents (Fig. 12) . The active power mismatch in the dc-link during the dip causes the dc-link voltage to increase (Fig. 13) , which can be unacceptable, particularly if the dip length is long. Dc-link is kept balanced (Fig. 14) by means of the switching strategy. After the fault clearance, the dc-link voltage recovers by injecting more active power to the grid than the generated.
Figures 15 to 23 present the simulation results when the block diagram of Fig. 5 is used when a dip appears. The gridside converter control reacts to meet the LVRT requirement, as shown in Fig. 16 for the grid currents and in Fig. 17 for the power delivered to the grid.
In this case, the main differences are observed in the generator-side control. Under dip condition, the dc-link voltage control is assumed by the generator-side converter. During the dip, there is no active power injected to the grid, as result of the LVRT requirement. Therefore, in order to control the dc-link voltage, the dc-link voltage controller forces the generator to reduce the active power extracted to zero (Fig. 20) . Hence, the electromagnetic torque is reduced also to zero (Fig. 18) , and also the generator current (Fig. 21) . Therefore, the dc-link voltage is kept at its reference value (Fig. 22) . The dc-link voltage deviation is caused mainly because of the controller swap after the dip appearance and clearance. As a consequence, there is a torque mismatch in the mechanical system turbine-generator, that causes the speed to increase (Fig. 19) .
After the dip clearance, the generator-side converter recovers the speed control and the grid-side converter the dclink voltage control. Speed is recovered to the reference by an electromagnetic torque greater than the mechanical torque, and the energy stored in the inertia is delivered to the grid.
V. CONCLUSIONS
A control approach has been presented to fulfill the LVRT requirements in a wind energy generation system based on a permanent magnet synchronous generator connected to the grid with a NPC back-to-back full converter power converter. The control allows the energy storage of the excess power present during the dip in the inertia of the turbine-generator system. Simulation results confirm the feasibility of the proposed controller. 
